Anisotropy of glacial tills in Lapland revealed with azimuthal galvanic (Terrameter 300 C) resistivity and inductive (Geonics EM-3 1) electrical conductivity measurements, which were carried out at four test sites. It was found that the azimuthal electrical conductivity parallelled with the preferred orientation of the till fabric at the top of the soil sequences. The present results indicate that azimuthal resistivity and conductivity are depositional in origon and are attributed to the former ice flow directions. Different coil orientations gave information from different depths and resistivity and conductivity anisotropy varied along with depth.
Introduction
Azimuthal electrical conductivity has been used in determining the former transport directions of sediments and in investigating the hydraulic patterns of sediment sequences (Sauck and Zabik 1992; Way and McKee 1982) . Based on field and analog tank model studies, Sauck and Zabik (1992) showed that the anisotropy of electrical resistivity and hydraulic conductivity are due to primary depositional structures, especially in the stacked braided stream channels. Field studies were done on fractured tills and glacial outwash fan deposits. Way and McKee (1982) presented that significant anisotropy is often found in stream deposits where the electrical conductivity in the principal direction of anisotropy may be from two to ten times greater than in the transverse direction. Furthermore, since many sedimentary formations have higher electrical conductivity along rather than across the bedding plane, the ratio of horizontal to vertical electrical conductivity is generally high (Keller and Frischknecht 1966) . Taylor (1982) , Fleming (1986) and Taylor and Fleming (1988) presented theoretical and conceptual models of the responses of joint systems and developed laboratory background models based on intensive research on the azimuthal resistivity of joint and fracture systems. According to results obtained from many field sites, water-filled joint orientations corresponded with the resistivity peaks. Carpenter et ul. (1990) noted that the major axis of the apparent resistivity ellipse did not always correspond with the fracture direction, because resistivity contrast is small in some cases. According to Sandberg et al. (1996) hydraulic anisotropy derived from the pumping test is consistent across the study area suggesting that geophysical methods of azimuthal resistivity and electromagnetism could be useful in determining anisotropy of hydraulic conductivity. Keller and Frischknecht (1966) and Grant and West (1965) have presented anisotropy principles of electrical behaviour in the earth materials. The net effect of the assemblage of bedded rock layers is that transverse resistivity is greater than longitudinal resistivity, i.e. resistivity in the bedding plane direction. Interpretation of the geoelectrical parameters is difficult because almost all sedimentary aquifers are anisotropic and characterized by an average longitudinal resistivity in the direction parallel to layering and by an average transverse resistivity normal to the bedding. The coefficient of anisotropy is commonly defined as the square root of the transverse to the longitudinal resistivity.
The transverse resistivity is given by
The longitudinal resistivity is given by
The electrical anisotropy is given by where h = anisotropy hi = layer thickness, i = 1,2, ...( m), and pi = layer resistivity, i = 1,2,..(0hmm)
Azimuthal electrical resistivity and conductivity measurements have been used by several investigators in determining joints and fractured systems (Taylor and Flem-ing 1988; Ritzi and Andolsek 1992; Hagrey 1994; Skjernaa and Jorgensen 1994) ;but azimuthal methods have not often been applied in determining the transport direction of glacial till. Our objective was to find out if the directional electrical conductivity in glacial till sequences is parallel to the directional elements of the till, e.g. the till fabric.
Methods

Electromagnetic Conductivity
Anisotropy and directional electrical conductivity of tills were determined from azimuthal electrical conductivity surveys by means of a Geonics EM-3 1 (Geonics Ltd. 1982) unit. The azimuthal conductivity was determined by rotating the device around at fixed centre point and then measuring the apparent conductivity as a function of the azimuth, i.e. the angle of rotation. The conductivity measurements were made at 10-degree intervals starting from OQ(north) and extending to 180' (south).
The EM-31 is a device measuring the average electrical conductivity of the soil sequence from different depths (Geonics Ltd. 1982) . Different depth penetrations were obtained by changing the coil orientation and the height above the ground surface as described by azimuthal rose diagrams.Anisotropy value, d,,, is given from the ratio of the maximum and minimum azimuthal value.
DC Resistivity Sounding
The hardware and the software of the data-collection system used for the purpose of resistivity anisotropy measurements is known as Continuous Vertical Electrical Sounding (CVES) (Dahlin 1995) . The method has been described in detail by Dahlin (1993) and in a manual for the Lund Imaging System (Dahlin 1995) . A similar system has been described by Overmeeren and Ritsema (1988) . The apparent resistivity values can be picked up from ten depths when the CVES zero point is used at the centre point of the rotation circle of the azimuth resistivity profile. The method assumes continuous .variations in electrical properties along a line. DC resistivity soundings were made with ABEM Terrameter 300C, a 64-electrode system using the Wenner array of 0.5 metre electrode spacing at 10-degree azimuthal intervals and starting from Os(north) and extending to 180' (south). The measurement results were obtained from the centre point of 1-D CVES profile, which served also as the rotating point for the azimuthal resistivity rose diagram. The 1-D interpretation routine for the layered earth model applied the approach which has been described by Zohdy (1989) .
Since the till fabric is depositional (Flint 197 I) , analyses, including the orientation of 100 elongated pebbles and cobbles, were performed at the topmost tills. These data were compared to the resistivity and conductivity results obtained from the topmost till layer. Statistical analyses were performed using SPSS++ (SPSS Inc., 1998, Chicago, USA). The standard procedures in statistical analyses were T-tests. 
Study Sites
Azimuthal resistivity and conductivity results are presented from four test sites; the Haipankuusikko, Kuorajoki, Hanhilehto and Mantypaa, which are all located between 67" and 68"N; 26"12' and 26"55' E (Fig. 1) . The bedrock is composed of finetextured Proterozoic schists belonging the Central-Lapland Greenstone Belt in the south and of coarse-textured Archean granitoid gneisses. Tertiary (60-2 Ma) weathering under a warm, humid climate has led to the development of clay horizons on top of the bedrock. These weathering products were incorporated in the tills in the course of several consecutive Pleistocene glaciations (Pulkkinen 1989; Sutinen 1992) . Due to the short glacial dispersal (Pulkkinen 1983 ) the properties of the source rock types have significantly influenced the tills. The last Fennoscandian ice sheet retreated ca. 9000 years ago and the top of the tills has become podsolized during the Holocene. 
Results
Haipan kuusi kko
The CVES (Fig. 2) profile from the sequence at the Haipankuusikko (67" 56' N ,26" 12' E) shows a rather homogenous surface layer roughly to a depth of 1.5 metres. The resistivity of the till, about 3200-4500 Ohmm, is typical of dry sandy till (Pemu 1979) . The till is underlain by unsaturated sand with at resistivity of 1000-2500 Ohmm. At a depth of 5-6 metres, the bedrock produced a resistivity reading of 33,000 Ohmm. The main maximum of the till fabric rose diagram occurred in the direction of 60 degrees. The azimuthal resistivity rose diagrams (Fig. 3) show maximum resistivity peaks at 0,20 and 110 degrees from surface to a depth of 1.5 m. Azimuthal resistivy minimums must compare with till fabric. p-value of T-test (0.176) shows that at the 0.5-m-depth, the till fabric and the azimuthal resistivity rose diagram have similarities. The anisotropy value, dm,, is 82.4 at this depth (Table 1) . These directions parallel to the minima in the till fabric rose diagram and the azimuthal conductivity rose diagram (Fig. 3) were measured with the EM-3 1 at the height of 0.7 metre above the ground in the vertical coil orientation and on the ground in the horizontal coil orien- Fig. 3 . Till fabric analysis (0.2 m) and azimuthal resistivity rose diagrams from the Haipankuusikko site. (Fig. 3.) . The azimuthal resistivity rose diagram shows two maxima in different directions, 60 and 160 degrees, at the depth of 2.1 m (Fig. 3) . These presumably . indicate the thickness variations of the underlying sand in those directions. At the depth of 6 m, the strong maximum peak was caused by the bedrock, whose resistivity was 33,000 Ohmm based on the continuous profile, CVES. Anisotropy value (the ratio of the maximum and minimum azimuthal resistivity values) ranged from 34.3 to 94.4 and increased as a fucntion of depth (Table 1) . The ratio of the maximum and minimum azimuthal electrical conductivity values ranged from 11.2 to 26.7 (Fig. 4, Table 2 ). This ratio was lower in the azimuthal electrical conductivity measurements, because the EM-31 measures the average electrical conductivity of the bulk several metres in thickness. The obtained conductivity, 1.0 mS/m -1.5 mS/m, were almost the same for every depth and thus the till was found to be fairly homogenous ( Table 2 ). The best p-value of T-test is 0.026 (horizontal coil orientation) ( Table 2 ). The p-value ranged from 0.016 to 0.087 (n=6) in Haipankuusikko site. 
Kuorajoki
As revealed by the test pit, there are two till units present at the Kuorajoki (67" 52' N, 26" 12' E). The upper unit is silty to a depth of 3.5 ms and it is underlain by a sandy coarse-grained till unit. The test pit was 4.5 m deep and the bedrock was not reached. A layer of rounded cobbles, 0.1-0.2 m thick, was found between the tills. The till fabric rose diagram, which was produced to the depth of 0.4 m, showed a maximum in the direction of 40 degrees (Fig. 5) .
A clear azimuthal conductivity maximum was observed in the direction of 40 degrees (Fig. 5) . This was best seen in the form of the horizontal coil orientation obtained at 0.7 m above the ground and at the ground surface. The azimuthal conductivity was parallel to the till fabric. A weaker maximum was to be seen in both the till fabric and the azimuthal conductivity rose diagram in the direction of 130 degrees. This was particularly true for the vertical coil orientation obtained at 0.7 m above the ground and at the ground surface. The lower till unit showed a different electrical conductivity direction. The conductivity of the upper till was 3.3-3.6 mS/m (Table 2) while that of the lower till was 4.4-4.8 mS/m ( Table 2 ). The conductivity of the third layer (the deepest till layer) was 5.0-5.3 mS/m ( Table 2 ). The highest conductivity values may indicate higher water content in the till. The anisotropy value of electrical conductivity ranged from 5.7 to 11.4 (Table 2 ). The best p-value is 0.093 (horizontal coil orientation, 70 cm height), which indicates similarity between till fabric and azimuthal electrical conductivity (Table 2) . 
Mantypaa
As revealed by the test pit at the Mlntypaa site (67" 56' N, 26" 52' E), the sandy till was only 1.0-1.5 m thick overlying the schist bedrock (Fig. 6) . The resistivity of the till unit was recorded to be about 4000-8000 Ohmm while that of the bedrock was 2000-4000 Ohmm, which correspond to earlier observations (Pernu 1979) . The effect of the rock is seen in the conductivity map done by using the EM-31 data. Fig.  7 shows the conductivity range indicating the direction of the schist rock. The maxima of the till fabric occurred in the directions of 20,50 and 70 degrees (Fig. 8) . The azimuthal conductivity showed to give the same directions with horizontal coil orientation. The horizontal coil orientation at soil surface gives the best similarities to till fabric (p-value=0.094, Mantypaa site. The azimuthal conductivity measurements are likely due to the directi6n of the schists with vertical coil orientation. The conductivity rose diagrams showed that the conductivity of the till is about 2.6 mS/m ( Table 2 ). The ratio of the maximum and minimum azimuthal electrical conductivity ranged from 60.0 to 99.6 (Table 2 ).
Hanhilehto
As revealed by the test pit, one till unit is present at the Hanhilehto site (67" 40' N , 26" 55' E). Based on the ground penetrating radar (GPR) profiles, the depth of the bedrock surface varies from one to two metres and there are joints in the bedrock in the east-west direction. The maximum peaks of the till fabric were found at 40, 70 and 110 degrees parallel to the azimuthal conductivity when using the horizontal coil configuration. The horizontal coil orientation at the soil surface gives the best similarity (p-value=0.039, Table 2 ). p-value range from 0.022 to 0.034 (n=4) in Hanhilehto site. The conductivity rose diagram, when using the vertical coil orientation at the height of 0.7 m above the ground, showed the maximum peak at 0 degrees. This may be seen, though poorly, in the till fabric, too (Fig. 9) . The direction of the joint, which was at 90 degrees, is seen when using the vertical coil orientation at the ground surface. The electrical conductivity of the till was low, 0.4-1.2 mS/m ( Table  2 ). The anistropy of electrical conductivity ranged from 30 to 60 (Table 2) .
Discussion
Based on azimuthal electrical conductivity and resistivity distribution tills are shown to be anisotropic. This may be interpreted to be caused by a depositional pattern of till matrix as well as by longitudinal orientation of pebbles in the till. Anisotropy was observed because the longitudinal resistivity of the platy minerals was constantly lower than in the transverse direction (Keller and Frischknecht 1966) . Hirvas et al. (1971) have compared the azimuthal susceptibility of the matrix to the till fabric and found that the minimum susceptibility is orthogonal to the flattened or layering plane. The till fabric complies with the azimuthal conductivity (Fig. 5) . The azimuthal resistivity is more sensitive to the structure of the till sequence, and therefore the anisotropy tended to be higher than the azimuthal electrical conductivity (Fig. 3) . The resistivity anisotropy may be referred to as macro-scale anisotropy.
Near the surface, the bedrock (1-2 metres in thickness) has a significant effect on the azimuthal directions. Both azimuthal methods provided information on the preferred orientation of the till matrix. However, these techniques can not unambiguously reveal glacial dispersal because of the bi-directionality. Statistical analysis shows better similarities between till fabric and measured azimuthal rose diagrams in top layers, where the till fabric was measured. However, bedrock, if it is close enough to the surface, has the strongest effect on the azimuthal electrical parameters. A strong electrical anisotropy was observed from a glacial fluvial deposit at Haipankuusikko site. This can probably be generalized to all fluvially deposited sediments (Sauck and Zabik 1992) . The azimuthal resistivity method could be feasible in mapping sediment transport directions at different depths and lateral positions.
Soil water movement is complex and it is controlled by many factors such as texture and fracture. Electricity follows the path of the smallest resistance, as does water. At the pore level, electricity is conducted electrolytically by the fluid so that resistivity is controlled more by porosity and water quality than by the resistivity of the rock matrix. This means that the electrical path is similar to the hydraulic path at the pore level and the resistivity values reflect this pattern (Sandberg et al. 1996) . The soil water flow direction can be predicted from the electrical anisotropy in both unsaturated and saturated zone. This may be possible if the topography effect is minimal.
